Molecular dynamics simulations are performed on a model linear polymer melt to look at the violations of Stokes-Einstein (SE) and Stokes-Einstein-Debye (SED) relations near the mode coupling theory transition temperature Tc at three (one higher and two lower) densities. At low temperatures, both lower density systems form stable bi-continuous phases whereas the higher density system is homogeneous. We show that monomer density relaxation exhibits SE violation for all three densities, whereas molecular density relaxation shows weak violation of the SE relation near Tc in both lower density systems. This study identifies disparity in monomer mobility and observation of jump like motion in the typical monomer trajectories resulting in the SE violations. In addition to the SE violation, weak SED violation is observed in bi-continuous phases of lower densities in the supercooled state. Both lower density systems also show decoupling of translational and rotational dynamics in this polymer system. arXiv:2001.02020v1 [cond-mat.soft] 
I. INTRODUCTION
Simple liquids show coupling of translational diffusion coefficient D and viscosity η through the SE relation [1] [2] [3] 
where k B is the Boltzmann constant, r is effective radius of a Brownian particle immersed in the fluid. The constant c = 4 and 6 in Eq. (1) are respectively for slip and stick boundary conditions. Eq. (1) can be written as Dη/T = constant that obeys in the liquids at high temperatures. A calculation of η of a system is computationally expensive in the supercooled liquids due to the large fluctuations in their stress autocorrelation functions [4] . Therefore, instead of viscosity η, the relaxation time τ is computed in the simulations of glass-forming liquids (GFLs) with the approximation τ ∝ η/T [5] [6] [7] [8] [9] . Deviations from Dτ = constant are considered as the SE violations due to the decoupling in D and τ . Violation of the SE relation has been observed in simulations [5, [10] [11] [12] [13] and experiments [14] [15] [16] of several supercooled GFLs. Earlier studies show that a possible reason for the violation of the SE relation is dynamical heterogeneity (DH) in the supercooled liquids [14, 17, 18] . There is a consensus among the glass community that glassy systems loose homogeneity in the dynamics due to the presence of mobile (fast moving) and immobile (caged) particles [19] , noticeably in fragile GFLs [14] . The mobile particles move faster than the average motion, while immobile particles move slowly in the system. This difference in the motion of the particles in different regions of the system results in the DH [14, [17] [18] [19] [20] [21] [22] . Near the glass transition, D is dominated by the mobile particles, whereas τ is dictated by the immobile particles * prasanth@iitmandi.ac.in (as majority of the particles are caged). Increment in τ is not accompanied by the decrement in D due to different mobilities in the system, causing a decoupling in D and τ , which results in the breakdown of the SE relation. Many researchers have argued that the hopping of particles from the cages formed by their neighbors has a role in the violation of the SE relation in the supercooled and glassy state of the GFLs [23] [24] [25] . Kumar et al. [26] show that the SE relation violates due to the presence of mobile particles, whereas immobile particles obey it, in the supercooled state of a hard sphere liquid. However, few recent studies show that both mobile and immobile particles violate the SE relation [10, 12] .
In molecular GFLs, system shows violation of SED relation defined for the rotational degrees of freedom. Similar to Eq. (1), the rotational correlation time τ l of lth order Legendre polynomial is related to the viscosity η, which is known as the SED relation for the molecules [27] [28] [29] 
where V h is the hydrodynamic volume of a molecule. The coupling between viscosity η and rotational correlation time τ l of molecular liquids holds the SED relation at high temperatures, whereas it violates in the supercooled liquids and glasses [15, 30, 31] . The hydrodynamic volume V h is related to the radius of gyration R g of polymers as V h ∝ R g 3 , which shows a weak temperature dependence for this system, therefore, V h ≈ constant [32] . Using this approximation, Eq. (2), and Eq. (1) suggest that Dτ l = constant in molecular liquids at high temperatures [29] , which means that the translational molecular diffusion D is coupled to the rotational relaxation time τ l of the molecules. However, Translation-rotation decoupling is observed in many GFLs [33, 34] . Michele et al. [35, 36] relate the translational and rotational jump dynamics to the violation of SE and SED relations in a diatomic molecular liquid and rigid dumbbell molecules.
Extending such studies (performed on binary mixtures and dumbbells) to polymers is a daunting task due to complexity of the system. Identification of jump-like motions are reported in the continuous time random walk simulation of Helfrich et al. [37] with special definition of the jumps in a supercooled short chain melt. Another study by Pousi et al. [11, 38] argued that picosecond dynamics of the caged particles corresponding to the short time (β−relaxation), is related to the violation of SE relation in supercooled linear polymers. A very recent study shows that the violation of SE relation is related to the structural changes in the supercooled linear polymer melt [39] . Therefore, due to the molecular complexity it is strenuous to examine the SE and SED violation in polymer liquids and to identify the possible reason compared to the simulation studies of atomic GFLs. This study attempts a direct identification of SE and SED violations in a simple polymer model that is known to undergo glass transition and relates it to the known reasons that are manifestations of DH in atomic GFLs.
Polymers are extended systems that relax by collective rearrangements of monomers in a chain and neighbouring chains. Therefore, identification of the mobile and immobile particles is expected to be easier in low density where there is more free-space available at lower temperatures. Polymer systems with attractive interactions in the lower density form bi-continuous phases at lower temperatures with cavities. On the surface of these cavities there is free space available for chains leading to large variation in mobilities, which can show direct evidence of SE and SED violations and their possible microscopic origins. In this study, we examine the violations of the SE and SED relations in a linear polymer melt system at number densities ρ = 1.0 [40] , 0.85 [41] , and 0.7, which we call as one higher and two lower (relatively) density systems in the grid of high to low temperatures (T = 2.0 − 0.36), near their respective T c , i.e., 0.36 for higher density, and 0.4 for lower densities. Both lower density systems are quenched beyond the spinodal limit of stability, which phase separate via spinodal decomposition [42] resulting in stable bi-continuous phases with long equilibration. Details of non-equilibrium dynamics of cavity formation are studied in many earlier studies [43] [44] [45] [46] [47] . In this study, monomer relaxation shows SE violation in all three systems: both lower density systems show pronounced violation that is attributed to the enhanced disparity in the motion of the monomers that arises due to surface of the cavities. A pronounced violation of SE relation is due to both the mobile and immobile particles, which agrees with the earlier studies on violation of SE and SED relations in atomic model GFLs [10, 12] . The SED relation is obeyed in the higher density system, whereas it is weakly violated in both lower density systems.
The rest of the manuscript is organized as follows: Sec. II gives the details of the simulations. Results are presented in subsections of section III. Subsec. III A present stability analysis of the bi-continuous phase. Study of polymer relaxation and diffusion is presented in Subsec. III B, SE violations are discussed in Subsec. III C, the distribution of particles mobility and jump like motions are presented in Subsec. III D, and violation of SED and orientational diffusion is detailed in Subsec. III E. Sec. IV present conclusions and summary of this paper.
II. SIMULATION DETAILS
We simulate a system of N c = 1000 fully flexible-linear polymer chains, consisting of n = 10 beads (number of monomers N = 10000) in each chain. The system is simulated at the constant number density of monomers ρ = 0.7, 0.85, and 1.0. The inter-particle interactions are modelled by the truncated and shifted Lennard-Jones (LJ) potential, defined in terms of the particle diameter, σ and the depth of the potential well, as
Here, the LJ potential cut-off is r c = 2 × 2 1/6 σ. The bond connectivity between consecutive monomers along a chain is modelled by the LJ and finitely extensible nonlinear elastic (FENE) potentials [41, 48] ; the FENE potential is given in terms of R 0 , the maximum displacement between a pair of consecutive monomers, and the elastic constant k 0 as
where k 0 = 30 /σ 2 and R 0 = 1.5σ. The equations of motion are integrated using the velocity Verlet algorithm [49] with time step ∆t = 0.002 for ρ = 0.85, and ∆t = 0.0001 for ρ = 1.0 and 0.7 system. We prepare the linear polymer melt at temperature T = 8.0 for the respective density, in the constant NVE ensemble. The equilibrated configurations of the T = 8.0 is used as an initial configuration for the temperatures T = 2.0 − 0.36. Long simulation time before the production runs ensures fluctuation of the system around the average target temperature during the data collection in constant NVE ensemble and follow a criterion of the time required for the relaxation of end-to-end vector below 10% of its initial value at all temperatures [37] . All the quantities presented in this work are in LJ units, i.e., length is expressed in terms of the bead diameter σ, the number density as σ −3 , the temperature as /k B , and the time as mσ 2 / .
III. RESULTS AND DISCUSSIONS

A. Steady state density relaxation in a bi-continuous phase
State points corresponding to decreasing order of temperatures in both lower density systems show bicontinuous phases (see Fig. 8 and Fig. S1 of supplementary material (SM) [50] ), which is a mixture of gas and liquid at intermediate temperatures, e.g., T = 0.7 for ρ = 0.85 and T = 1.0 for ρ = 0.7. However, the system shows bi-continuous phase, consisting of dilute gas and the supercooled liquid at lower temperatures. In moderately supercooled state, system attains its steady state where the cavities are stable, whereas the cavities at liquid-gas phase coexistence move, and the system attains density relaxation. Before presenting the glass transition studies, we look at the single particle and collective density relaxation to ensure an absence of aging in the system. Studies on aging near the glass transition compare time origin dependent density relaxation using incoherent intermediate scattering function F s (k, t) [51] , which show different relaxation time for different time origins. Therefore, we look into the relaxation of density fluctuations in F s (k, t) [1] at time origins longer than the α−relaxation time (presented later in this paper), which is defined as
where ρ s k (t) = exp(−ik · r i (t)). Here, k is the wavenumber and r i is the position of the ith particle. The F s (k, t) is calculated at a wavenumber k that corresponds to the first peak of static structure factor S(k), which is shown in Fig. 1 ; k = 6.9 for ρ = 0.85 and k = 7.1 for ρ = 0.7 and ρ = 1.0. The α−relaxation time of the monomers τ α = ∞ 0 F s (k, t)dt gives the relaxation time of the transient cages formed by their neighbouring particles. The time difference between two time origins is chosen to be greater than the τ α (see Fig. S3 of SM [50] for τ α ) to look at the average density relaxation of the monomers in that time window. The F s (k, t) of all three densities at the lowest temperatures (see Fig. 1 (a-c)) does not show any systematic variation in the nature of density relaxation with time at different time origins of the correlation, therefore, they are independent of the time origin. The minor difference due to fluctuation in the tail of F s (k, t) in lower densities is similar to that at the higher density.
Collective relaxation dynamics of the bi-continuous system is examined by distinct part of van-Hove correla-
that shows collective structural relaxation in different coordination shells with respect to a reference particle at t = 0. Fig. 2 shows the G d (r, t)/ρ of the monomers at one low and one high temperature of both lower densities at different times starting from t = 0. At t = 0, G d (r, 0)/ρ = g(r) is showing oscillations above 1.0, which is due to the phase separation in the system. The neighbouring particles around a tagged particle move as time progresses from their initial positions, leading to decay of the G d (r, t) to 1.0 as in a homogeneous system (T = 1.0). However, G d (r, t)/ρ remains above 1.0 for both lower density systems that form bi-continuous phases at low temperatures even at longest time scale in this study. Interestingly, Fig. 2 shows that the G d (r, t) of both lower densities coincides at times t = 5 × 10 3 and t = 1.5 × 10 5 , which shows that the shape and location of the cavities are stable and do not change within our simulation time in the moderately supercooled state. It is now interesting to look at the slow polymer relaxation dynamics in the higher and both lower density systems as temperature reduces.
B. Polymer relaxation and diffusion
The self diffusion coefficient D of the monomers can be calculated using their mean-squared displacement (MSD) as D = lim t→∞ (r(t) − r(0)) 2 /6t. Near the glass transition of unentangled polymer melts, the monomer MSD takes longer time to attain diffusive regime due to the chain At temperatures T = 2.0−0.45, g2(t) of the higher density system is slower than both lower density systems. However, both lower density systems show slow molecular movement than the higher density system from T = 0.4 to below. At low temperatures (T = 0.5−0.4), the sub-diffusive regime (g2(t) ∼ t α ) becomes pronounced due to the molecular cages, which is separated by the short time ballistic (g2(t) ∼ t 2 ) and long time diffusive (g2(t) ∼ t) regimes.
connectivity [52] . Therefore, the monomer MSD shows a power law dependency as (r(t) − r(0)) 2 = 6Dt 0.63 , before the starting of its diffusion [52] . However, the MSD of the polymer molecules (center of mass) shows the diffusion at early times, though they perform slow motion at short time and coincides with the monomer MSD at the long times t 10 6 [52, 53] . Therefore, we calculate the self diffusion coefficient from the center of mass MSD, as both of them are identical at long times. We calculate the self diffusion coefficient D when the exponent α = 1.0 in the relation g 2 (t) = (r cm (t) − r cm (0)) 2 = 6Dt α , where t > 10 5 in the LJ units at the lowest temperatures (see Fig. 3 ). At this time scale, the molecular MSD also crosses the average squared end-to-end distance, i.e., g 2 (t) > R 2 e , which is shown by the red line g 2 (t) = R 2 e in Fig. 3 . Using the approximation τ ∝ η/T (as discussed above), the fractional SE relation becomes D ∼ τ −ξ (0 < ξ < 1), which shows that the diffusion coefficient and relaxation time (or viscosity) decouple from the usual SE relation (Eq. 1). This is also reported in various earlier studies of supercooled liquids and glasses [10, 13, 18, 26] .
Earlier studies argued that one of the possible reason for the violation of SE relation is the caging and hoping of the particles in the glassy state of the GFLs, which results into the spatially heterogeneous dynamics [14, 17, 18, [23] [24] [25] . The slow down of density relaxation due to transient caging, and increase in the relaxation time with reduction in the temperature, can be examined from the F s (k, t). Fig. 4 (a) shows F s (k, t) of monomers at wave vector k = 6.9 for ρ = 0.85, k = 7.1 for ρ = 0.7, and ρ = 1.0 at all the temperatures. As temperature reduces, a hump appears in F s (k, t) from temperature T = 0.5 for both lower densities, whereas it starts from T = 0.6 for the higher density system. The appearance of a hump in the F s (k, t) of all three systems indicates a commencement of monomer caging that enhances their α-relaxation time. It is evident from the Fig. 4 (a) that the F s (k, t) of both lower density systems shows slower relaxation dynamics than that of the higher density system at T = 0.4, thus show a crossover. The heterogeneity in the relaxation is quantified from fitting of the tail of
0 with the value of exponent β varies from 0.92 to 0.59 for ρ = 0.85, 0.94 to 0.55 for ρ = 0.7, and from 0.85 to 0.72 for the higher density system. This shows that lower densities exhibit more heterogeneous dynamics, which is a result of heterogeneous density distribution due to the formation of the cavities (see nearest neighbour distribution in Fig. S1 of SM [50] ). The characteristic temperatures of the glass transition are determined from the plot of τ α against T (see Fig. S3 of SM [50] ) by fitting of schematic mode coupling theory (MCT) and Vogel-Fulcher-Tammann (VFT) relations, respectively, as τ α ∝ (T − T c ) −γ and τ α ∝ exp(AT 0 /(T − T 0 )). The fitting parameters of these two equations for the density ρ = 1.0, 0.85, and 0.7 are shown in Table I . This fitting shows that the lower density systems are more fragile than the higher density system as their fragility parameter is smaller than the higher density system. The molecular density relaxation is computed as
and r cm (t) is the position of the center of mass of a polymer molecule at time t. Fig. 4(b) shows that the F C s (k, t) of lower and higher density systems are plotted against time t at several temperatures, and the wave vector k = 2π/2R g ∼ 2.1. Here, R g is the average radius of gyration of polymer chains in lower and higher density systems that are 1.46 and 1.45. Thus, the diameters are 2R g = 2.92 and 2.9, and we consider 2R g = 2.9. The relaxation of density fluctuations of the center of mass shows that the initial fast relaxation found in the F s (k, t), is insignificant in F C s (k, t) because the fluctuations in the density relaxations due to the monomers are averaged out. In Fig. 4(b) , the F C s (k, t) of both lower density systems shows crossover to longer relaxation time in comparison to the higher density system at the same temperature T = 0.4; the F C s (k, t) of both lower density systems at T = 0.4 is comparable to the F C s (k, t) of the higher density system at T = 0.36. To examine the time scale of the molecular relaxations, we calculate molecular relaxation time τ 2Rg = ∞ 0 F C s (k, t)dt, which is higher at high (and intermediate) temperatures for the higher density system compare to the lower density systems. However, in the moderately supercooled regime near T c there is a crossover similar to the case of monomer density relaxation (see Fig. S6 ). Now, we look into the violation of SE and SED relations at these state points of the system.
C. Violation of Stokes-Einstein relations
To examine the violation of SE relation, we compute exponent of the power law dependence of diffusion constant on the relaxation time, i.e., D ∼ τ −ξ α at different densities. Fig. 5 shows that ξ = 1.0 for the higher density, whereas ξ = 1.33 and 1.21 for ρ = 0.7 and 0.85, respectively, in the temperature range T = 2.0 − 0.6. Exponent ξ > 1 shows the decoupling of D and τ α in the normal liquid temperatures, which is also reported in many studies including Refs. [5, 55] . In moderately supercooled regime (T = 0.5 − 0.36), the value of ξ = 0.83 for the higher density system, and ξ = 0.73 and 0.66 for ρ = 0.85 and 0.7, respectively, thus shows decoupling of D and τ α . The decreasing value of ξ with the density suggests that the decoupling increases with decreasing density. A smaller value of ξ in the supercooled regime of both lower density systems shows the pronounced violation of the SE relation, and in particular, the violation is more pronounced for the lower density ρ = 0.7.
Another way of estimating the SE breakdown is the predictors of violation of the SE relation [5] [6] [7] [8] , e.g., Dτ α (T ). We compute SE ratio as Dτ α (T )/Dτ α (T = 1.0), where Dτ α at temperature T = 1.0 is a reference point (see Fig. 6(a) ). Fig. 6(a) shows that the SE ratio starts decreasing below T = 1.0, which again start increasing from T = 0.5 and reach a value around 2.1 and 2.7 respectively at the lowest temperature T = 0.4 of the density ρ = 0.85 and ρ = 0.7. In the higher density system, the SE ratio remains constant up to T = 0.6, which start increasing from T = 0.5 and attains a value around 2.0 at the lowest temperature T = 0.36. Below temperature T = 0.5, where fractional SE relation is found at all three densities (see Fig . 5 ), the SE ratio also start increasing. A higher value of the SE ratio correlates with the smaller value of the fractional SE exponent ξ. Thus, we show that the SE relation breaks down in the supercooled linear polymer melt for all three densities. Polymer chains in this study are flexible, which show large shape fluctuations. Therefore, it is compelling to examine the violations of the SE relation at the molecular level. Diffusion constant D is plotted against molecular relaxation in Fig. 5 , where data is fitted using the relation D ∼ τ −ξ 2Rg . Here, relaxation time τ 2Rg is computed at wave vector k = 2π/2R g ; R g is the average radius of gyration of the chains. Variation in τ 2Rg with temperature is shown in Fig. S6 of the SM [50] . The value of the exponent ξ is 1.0 from T = 2.0 − 0.6 for both lower density systems. However, in the supercooled regime (T = 0.5 − 0.4), the value of the exponent are ξ = 0.91 and 0.83 respectively for the density ρ = 0.85 and ρ = 0.7, thus, show a weak (exponent ξ closer to unity) violation of molecular SE relation; the degree of violation is more at ρ = 0.7. On the other hand, ξ = 1.0 for whole temperature range (of this study) at higher density, thus, D and τ 2Rg are coupled at this density. We examine the SE ratio of Dτ 2Rg also in all three systems and found that in the temperature range where D ∼ τ −ξ 2Rg is fractional, the SE ratio also starts increasing from the value 1.0 and reach a value around 1.65 and 2.5 respectively for ρ = 0.85 and ρ = 0.7 (see Fig. 6(b) ). However, in the higher density system, this ratio oscillates around 1.0. Thus, this study shows the violation of the molecular SE relation only in the lower density systems, whereas the violation of monomer SE relation is seen at all three densities. Many investigations show a role of mobile and immobile species and jump like motions for the violations of the SE relation, therefore next we look for many possible origins of violations of SE relations in this unentangled flexible polymer melt.
D. Distribution of particles' mobility and jump like motion
In order to identify jump like motion of monomers, we compute the distribution of average squared displacement, ∆r i 2 (τ α ) = |r i (τ α ) − r i (0)| 2 of individual monomers and its probability distribution. Fig. 7 shows that ∆r i 2 (τ α ) ranges as 0.10 − 1.7 and 0.13 − 1.5 for ρ = 0.7 and 0.85 at T = 0.4, whereas ∆r i 2 (τ α ) varies as 0.15 − 0.265 at T = 0.36 for the higher density. We examine the distribution of the squared displacement at t = τ α because it corresponds to the average cage relaxation time. In both lower density systems at T = 0.4 (see Fig. 8(a-b) ), the monomers near the cavities have larger displacements, whereas the monomers in the core have smaller displacements (the monomers of the core start freezing, whereas the monomers near the cavities are still in the gaseous phase) at t = τ α , which creates a disparity in their displacements resulting in the pronounced dynamic heterogeneity [56] in both lower density systems. The dynamic heterogeneity is less pronounced in ρ = 0.85 system than the ρ = 0.7 system because of a narrower distribution of displacements as the surface of the cavities reduces. This analysis suggests that the extent of the dynamic heterogeneity in the monomer motion of both lower densities arises due to a large disparity in their displacements because of the presence of surfaces around the cavities [57] . Thus, it shows that the disparity in the motion of the particles due to the jump-like motion and caging, causes violation of the SE relations in polymer systems similar results are found in the studies on other glass formers [10, 12] . Now, it is interesting to look at the characterization of dynamic cages from the analysis of single particle motion.
To understand single particle motion, we look into self part of the van-Hove correlation function G s (r, t) [1] ,
to identify the transient cages formed in the systems near the glass transition. Fig. 9 shows a plot of 4πr 2 G s (r, t) vs r of monomers at temperature T = 0.4 and T = 0.36, where the cages are more pronounced as evidenced from the F s (k, t). State points at one higher and two lower densities are compared and analyzed at time scales, t = 0.5τ α , τ α , 2τ α , 4τ α , and 10τ α . In Fig. 9(a) , G s (r, t) of higher and lower density systems are compared at T = 0.4, which shows that both lower density systems exhibit a peak at smaller r and a small hump around r ∼ 1.0 (= σ) at t = 0.5τ α , τ α , 2τ α , and 4τ α . The first peak in the G s (r, t) is due to the caging of the monomers. However, the hump in both lower density systems at T = 0.4, is due to hopping of the particles from the transient cages (see Fig. 7 , Fig. 8(a)&(b) ); similar humps are reported by Lam [58] in polymer melts at low temperatures.
At T = 0.4, a weak hump is present in the G s (r, t) of the higher density system, therefore, it shows less heterogeneous dynamics that has faster relaxation than both lower density systems (see Fig. 4(a) ). In contrast, G s (r, t) shows a smaller hump at t = 0.5τ α , τ α , 2τ α , and 4τ α at T = 0.36 of the higher density system, similar to both lower densities (see Fig. 9(b) ). Interestingly, the relaxation dynamics of the higher density system at T = 0.36 also becomes nearly comparable to T = 0.4 of both lower density systems (see Fig. 4(a) ) where relaxation dynamics of these systems are also comparable. Thus, this system shows transient monomer cages at all densities near the glass transition temperature T c .
In the supercooled regime, due to the presence of molecular cages, these molecules undergo a large directed displacements by translation to escape from the selfgenerated barriers, thus relaxing the accumulation of the stress due to hindered motion. To identify such motions, we plot typical trajectories of the displacements of the randomly selected single monomers |r i (t) − r i (0)| against time t at the lowest temperatures T = 0.4 and 0.36 to see whether there are large displacements in the monomers. Fig. 10(a-c) show the typical trajectories of ρ = 0.7 and 0.85 system at T = 0.4, and ρ = 1.0 system at T = 0.36. These trajectories show the intermittent large displacements in the motion of monomers that have deviations from the regular random walk. Jump like motions are difficult to identify in polymer systems with longer chains. An earlier study using continuous time random walk on shorter chains (n = 4) identifies jumps in the supercooled linear polymer melt [37] . However, jump like motions are found in several studies of glass-forming binary Lennard-Jones systems ( see Refs. [59, 60] ). These intermittent large displacements of the monomers are related to the fluctuations in the molecular configurations, which appear at the same state points where the violation of the SE relation is much pronounced, i.e., at T = 0.4 and 0.36 for the lower density and higher density systems, respectively.
E. Violation of Stokes-Einstein-Debye relations
Polymers are extended macromolecules that have rotational degrees of freedom along with translational ones. The average rotational motion of the polymer molecules can be quantified from the rotation of the unit vector along the end-to-end vector. The relaxation time of the rotational motion can be calculated as τ l = ∞ 0 C r l (t)dt, where C r l (t) = P l (cos θ(t)) is the l th order rotational correlation function of the non-spherical molecules [28] . Here, cos θ(t) =ê(0).ê(t), andê(t) is an unit vector along the end-to-end vector e(t) = r 1 (t) − r n (t) of a polymer chain; P l (cos θ(t)) is the Legendre polynomial of order l. Molecular liquids show translation-rotation coupling at high temperatures and obey the relation Dτ l = constant, which means that D ∝ τ −1 l . Many studies shows that near the glass transition the translation-rotation relaxation dynamics is decoupled [33, 34] . The failure of SED relation is usual in the molecular liquids [61] , which is much more pronounced in the orientatinal glasses for e.g. see Refs. [33, 62] . The polymer model we used in this study is a non-polar, therefore, we use orientational relaxation time, especially, τ 2 due to up-down symmetry, to examine the SED violation [15, 63] ; the data is fitted to the relation D ∼ τ −ξ 2 in Fig. 11 , and the variation of τ 2 with temperature is shown in Fig. S6 of the SM [50]. Recently, dependency of SED relation on the degree of Legendre polynomial, l is examined by Kawasaki and Kim in supercooled water [64] . In both lower density systems, exponent ξ = 1.0 from T = 2.0 to 0.6, whereas in the supercooled regime (T = 0.5 to 0.4), the exponent ξ = 0.95 and ξ = 0.81, respectively for ρ = 0.85 and ρ = 0.7 system. Thus shows a weak decoupling in D and τ 2 near T c in both lower density systems, which is significant in the ρ = 0.7 system. On the other hand, in the higher density system, ξ = 1.0 from high to low temperatures (up to T = 0.36), which means that D and τ 2 are coupled even near the T c . Analogous to the ratios of predictors of SE relation, we compute ratio of Dτ 2 = constant as a predictor for the SED violation [29] . The value of Dτ 2 is scaled with its value at temperature T = 1.0, which is shown in Fig.  6 (c) (ratio is defined as Dτ 2 (T )/Dτ 2 (T = 1.0)). In both lower density systems, this ratio starts from 1.0 and fluc-tuates around this value from T = 0.9 to T = 0.6. It starts increasing from T = 0.5 and reaches around values 1.3 and 2.0 (at T = 0.4) for ρ = 0.85 and ρ = 0.7 systems, respectively. This shows that SED relation is very weakly violated in ρ = 0.85 system, similar to the molecular SE violations, whereas violation is more for the ρ = 0.7 system. In the temperature range where there is a maximum value of SED ratio, the exponent ξ reduces, thus shows a correlation between them. In the higher density system, the SED ratio fluctuate close to 1.0 except at the lowest temperature T = 0.36, where ratios has value around 0.8. This implies that SED relation is valid in the higher density system even near T c . Further, the translation-rotation decoupling is examined by the ratio of center of mass density relaxation time from F C s (k, t) to rotational relaxation time as τ 2Rg /τ 2 scaled with its value at temperature T = 1.0 (see Fig. 6(d) ). Similar to the ratio for Dτ 2 , the ratio for τ 2Rg /τ 2 and Dτ 2Rg also oscillate around 1.0 (all these values are scaled with corresponding value at T =1.0), which means that translational molecular relaxation time and rotational relaxation time are coupled in the higher density system. However, the ratio for τ 2Rg /τ 2 starts increasing from T = 0.9 and reaches around the values 1.3 and 1.2 respectively for ρ = 0.85 and ρ = 0.7 at the low temperature T = 0.4. This shows a very weak decoupling between τ 2Rg and τ 2 in both lower density systems. Such decoupling was also found in an experiment by Edmond et al. [16] in the glass transition of a colloidal system, and in a simulation study of glassy dumbbells [33] . We expect a strong violation of SE and SED relations in these systems, if the observed trend is continued below T c .
As many studies show that the violation of SED relation is attributed to the enhanced hopping process in the rotational motion [36] . Therefore, we look into the typical trajectory of an orientation vectorê(t) over the unit sphere of few randomly selected polymer chains. In Fig.  12 , we compare the rotation ofê(t) of polymer chains at one high temperature and two low temperatures. At T = 1.0 of the density ρ = 0.85, the trajectory ofê(t) ( Fig.  12(a) ) shows a random walk, which uniformly spans over the sphere. However, the higher and lower density systems at the low temperatures (see Fig. 12(b-d) ), show an intermittent motion of the rotational vector, which is a bit pronounced in the lower density systems. Fig.  12(d) shows a trajectory of a randomly selected chain of the higher density system, which shows a weak confinement at T = 0.36. Earlier studies by Jose et al. show the pronounced violation of SED relation, which is related to the strong confinement in the orientation of the molecules [62, 65] that is absent in our system. As polymer molecules are nearly spherically symmetric, they require more confinement for strong violation of the SED relation.
IV. CONCLUDING REMARKS
The violations of Stokes-Einstein and Stokes-Einsteins-Debye relations are defining characteristics of the glass transition, which are explained in terms of dynamical heterogeneities arise due to jump like motions of mobile particles, and dynamical caging of immobile particles in simulations of atomistic model glass formers [17] . Another important class of glass-forming liquids are polymers that are difficult to crystallize. Direct observation of violation of SE and SED relations in simulations of model polymers are rare because of their extended shape, and the microscopic processes such as jump like motions are difficult to detect [37] . However, the indirect observation of microscopic origins of violations of SE relation is examined in the earlier studies [11, 38] . Due to extended shape of the polymers, we widen our study of the supercooled polymers near the glass transition to the lower density systems, where available volume for polymer chains is abundant, especially near the surface of the bi-continuous phase. Extensive molecular dynamics simulations of a linear Lennard-Jones polymer melt systems are performed at monomer number densities ρ = 0.7, 0.85, and 1.0 from T = 2.0 to T = 0.36. For the first two densities, system form bi-continuous phase, whereas the higher density system is homogeneous near glass transition temperature T c . Single particle density relaxation properties from the F s (k, t) at different time origins in the supercooled bi-continuous phases compared with that at ρ = 1 at the same temperature show that the density relaxation is independent of the time origin in the bi-continuous phases near the glass transition. The collective relaxation properties obtained from G d (r, t) shows that the bi-continuous phases are stable within our simulation time. In these systems that differ in their density, we look for direct evidence of SE violation in the density relaxation of monomer and center of mass of polymer chains, and the SED violation of the polymer chains, near their MCT glass transition temperatures.
We show that monomer SE relation is violated for all three systems in the supercooled regime, which is pronounced in both lower density systems. The pronounced violation of the SE relation in both lower density systems is caused by the structural inhomogeneities and resulting dynamic heterogeneity due to the enhanced disparity in the monomer mobility in comparison to the higher density system. In the temperature range T = 2.0 − 0.6, the molecular SE relation is obeyed in the higher and both lower density systems. However, in the supercooled regime, the higher density system obeys the molecular SE relation, whereas both lower density systems weakly violate it. At the lowest temperature of all three densities, we identify a hump at r = σ and a peak at small r in G s (r, t) that together show the monomer cages and jump like motions in the monomer movement, which was also shown in the earlier studies of glass-forming binary mixtures [10, 12] . Our study further show that disparity in the mobility of the monomers caused by the structural inhomogeneities, is more in both lower density systems compared to the higher density system. Thus, we show that violations in the monomer and molecular SE relations are attributed to the presence of mobile and immobile particles, the jump like motions, and cage formation in this linear polymer melt at temperatures near T c . We also show that the unit vector associated with the polymer chains undergoes confinement. Thus, there is weak violation in the SED relation for both lower density systems, supported by the intermittent motion found in the typical trajectory of the end-to-end unit vector. Our study also show the glass transition in the presence of static structural inhomogeneities, very much similar to the continuous phases. Many aspects of the formation of the glassy domains in the model glassy binary mixtures are studied in the simulations [47, 66] and experiments [44, 45, 67] , where glass transition and phase separation coexist, though the inter-molecular potentials and molecular geometry are different than our study. Therefore, the simulations with more model potentials and varying range of attractions are required for obtaining the quantitative information about the microscopic glassy domains formed in the phase separating systems. 
I.
LOCAL PACKING OF MONOMERS Fig. 8 of the paper and our previous study of this system [57] show that lower density systems phase separate at low temperatures. In order to examine a variation of the local density with temperature in the phase separating systems, we calculate local packing of the monomers in the linear polymer melt system at three different densities. The local packing is obtained from the calculation of number of nearest neighbors N b of each monomer in the first coordination shell (FCS), which is at 0 < r ≤ r f cs ; r f cs = 1.5 is a position of the first minima of the radial distribution function of the system [57] . Using this FCS radius, its volume can be calculated as V f cs = (4/3)πr 3 f cs = 14.137, which subsequently gives the local density ρ l = (N b + 1)/V f cs . Fig. S1 shows that range of N b is 3 − 18 at T = 0.4 for ρ = 0.7 and 0.85, whereas N b = 9 − 18 at T = 0.36 of the higher density system. Thus, the local density range is calculated as ρ l = 0.283 − 1.344 at T = 0.4 of the lower densities ρ = 0.7 and 0.85, and ρ l = 0.707 − 1.344 at T = 0.36 of the higher density system. This shows the coexistence of gas and the dense amorphous domains in both lower density systems at temperatures near T c . The nearest neighbor distribution averaged over the steady state configurations (see Fig. S1 (c)) shows that the higher density system does not show macroscopic cavities, whereas both lower density systems show cavities as temperature reduces, resulting in the structural inhomogeneities [57] . Packing of the monomers that are inside the dense domains are similar for all three densities because of the monomers within the dense domains in both lower density systems have the same range of N b to that the higher density system (see Fig. S1 ). In both lower densities (see Fig. S1 (a) and Fig. S1(b) ), the major peak of P (N b ) shifts to N b = 13 and 14 at low temperatures, whereas in the higher density system (see Fig. S1 (c)), the peak height grows at N b = 13 and 14 from high to low temperatures. At low temperatures, a hump in P (N b ) at N b 8-10 is appearing in both lower density systems, which is absent in the higher density system. This hump in P (N b ) confirms the structural inhomogeneity in both lower density systems, however an approximately equal peak height at N b = 13 and 14 indicates the similarity in the local packing of the glassy domains in all three systems at low temperatures.
